In the present study we investigate vacuum induction melting (VIM) of prominent ternary NiTiX (X ¼ Cu, Fe, Hf, Zr) shape memory alloys using graphite crucibles. We apply a melting procedure which was recently developed for binary NiTi alloys and which keeps the carbon pick-up during melting at a minimum. We investigate the microstructures of the as-cast and homogenized alloys using scanning electron microscopy (SEM) in combination with energy dispersive X-ray analysis (EDX). Differential scanning calorimetry (DSC) was performed to study the phase transformation temperatures of the as-cast and homogenized materials. The results show that VIM processing in graphite crucibles provides ternary NiTiX shape memory alloys with good chemical homogeneity and acceptable impurity contents.
Introduction
NiTi shape memory alloys (SMAs) are attractive because they show excellent structural and functional properties. [1] [2] [3] [4] [5] They are used for engineering and biomedical applications like actuators, orthodontic arch wires, stents, etc. [6] [7] [8] [9] [10] [11] [12] It is well known that the properties of binary NiTi SMAs can be altered by adding other alloying elements and this has been exploited to control and modify the microstructures of the alloys and the associated martensitic transformation temperatures. 13 ) Some alloy additions do not alter the crystallographic nature of the monoclinic martensite phase but result in a strong decrease in transformation temperatures (for example, Fe or Co substituted for Ni, and Al, Mn, V, or Cr substituted for Ti). 1, 14) The effect of Fe, Cu and Nb on the properties of NiTi SMAs was extensively studied in the last decades. The substitution of Fe for Ni was reported to separate the temperature ranges of the B2 ! R and the R ! B19 0 transformations effectively and this alloy is particularly useful to study R-phase related phenomena. 15) Adding Cu to binary NiTi reduces the composition sensitivity of the martensitic transformation temperature. 16) It also decreases the widths of hysteresis both during thermal and mechanical cycling. 17, 18) Cu moreover lowers the yield stress of martensite 18) and improves the stability of the mechanical characteristics during pseudoelastic cycling. 19) NiTiCu alloys are potential candidates for high damping materials. 20, 21) Additions of Nb were shown to widen the thermal hysteresis which is convenient for coupling devices. 22) More recently, ''high temperature SMAs'' have come into the focus of interest. The term high temperature SMAs refers to materials with phase transition temperatures well above 100 C. This can be achieved by adding third elements like Pt, Pd, Au, Zr and Hf. 23) The costs of Pt, Pd and Au outrule their use in commercial applications. [23] [24] [25] [26] The significantly lower costs for Zr and Hf have made these two elements attractive and ternary NiTiZr [26] [27] [28] [29] [30] [31] and NiTiHf 23, 24, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] have therefore been extensively studied.
NiTi-based alloys have been produced by a variety of methods including melting techniques, 14, 46, 47) powder metallurgy, 48) self-propagation high-temperature synthesis, 49) explosive shock-wave compression 50) and mechanical alloying. 51) Due to their relative simplicity melting processes are attractive. 14, 46, 47) And the two techniques, vacuum arc melting (VAM) and vacuum induction melting (VIM) are widely used. VAM clearly has the advantage of keeping reactions between mould materials and the melt at a minimum. But VIM processing in graphite crucibles also is attractive because it is inexpensive and yields alloys of excellent chemical homogeneity. Both processes are commercially exploited and ingots ranging from several grams to several tons are produced. Here we are interested in the processing of 1 kg ingots, which allow to study the structural and functional properties of SMAs. So far, such ingots were mainly produced using VAM processing. But it has been recently shown that high quality NiTi SMAs can also be obtained using VIM processing in graphite crucibles. 52, 53) This requires a specific arrangement of elements in the crucible prior to melting 52) and the understanding of the solid/liquid interdiffusion process between graphite crucibles and NiTi melts. 53) Ternary alloys, like NiTiNb, can be prepared in two steps by first melting the binary alloy and then adding the third element. 54) In the present paper we apply the VIM procedure described in 52) to investigate whether it is also suitable for melt processing of ternary NiTi-based SMAs. In assessing the melting procedure we focus on four prominent ternary . The results show that our VIM procedure allows to keep C-levels low and that the resulting ingots are macroscopically homogeneous in terms of functional properties (phase transition temperatures). We also inspect the microstructures and the phase transition characteristics of these four materials directly after casting and after casting followed by a subsequent homogenization heat treatment.
Experiments
Four NiTiX ingots (1. 53) and a high quality graphite crucible was used. All details on graphite crucibles have been published elsewhere. 53, 55) In all cases, the charges were filled into the crucible using the cladding procedure proposed in.
52) The Cu plates and Fe slices were positioned in between the Ni-pellets and Ti-rods. Zr and Hf were positioned on top of the Ni-pellets/Ti-rods.
Melting was performed using a Leybold Hereaus IS 1/III induction furnace operating at 15 kW in a high purity Ar (99.998 vol%) atmosphere of a pressure of 500 mbar. Prior to melting, the furnace was purged with Ar for three times. An infrared pyrometer of type Impac ISQ 10-LO (IMPAC Electronic) was used to monitor the temperature. The melting reaction could be observed through a special window. The melting of the Ni-pellets followed by a dissolution of the Tirods always was a prominent feature. No specific observations were made concerning the Cu plates and Fe slices. After melting of Ni and Ti, the Zr rods (density: 6.49 g cm À3 ) were seen to float in the melt (stirred by the alternating magnetic field) while the Hf blocks, due to their higher density (13.07 g cm À3 ), sank into the melt without such floating. When it was observed that all charges had melted (at temperatures between 1400 and 1500 C), the melt was kept for another 10 (Cu and Fe additions) to 40 s (Hf and Zr additions) to ensure sufficient mixing. In passing it has been noted that only Ni, Fe and Cu actually melt as pure metals. Ti, Hf and Zr do not actually melt but dissolve during melting. At about 1450 C, the melt was poured into a Yshaped mould which prior to melting was coated with Y 2 O 3 , preheated to 550 C and then integrated into the vacuum furnace. 52) During melting the mould temperature decreased and when the melt was poured into the mould it had typically reached 400 C. Differential scanning calorimetry (DSC) measurements were used to prove that the ingots are chemically homogeneous. For this purpose, DSC specimens (masses 50-120 mg) were taken from specific horizontal and vertical positions from the as-cast Ni 49:5 Ti 35:5 Hf 15 ingot as schematically illustrated in Fig. 1(a) . A differential scanning calorimeter of type TA DSC 2920 was used and measurements were performed at a heating/cooling rate of 10 K min À1 under a He/Ar atmosphere. All details describing the DSC procedure have been published elsewhere. 56 ) DSC measurements were also performed for as-cast and as-homogenized specimens from the four ingots.
Four 3-5 g specimens were taken from the resulting as-cast ingots to determine the carbon and oxygen concentrations using the combustion infrared absorption method and the inert gas fusion infrared method as have been described previously. 52) These measurements were undertaken by Revierlabor, Essen, Germany.
Specimens were subjected to homogenization treatments in vacuum at different temperatures for different durations, Table 1 , and then quenched into water. Specimens were cut from the as-cast and as heat-treated ingots for microstructural assessments using scanning electron microscopy (SEM; LEO 1530 VP) with energy dispersive X-ray spectrometry (EDX: EDAX Phoenix). These specimens were prepared by grinding with SiC emery papers to a final mesh size of 1000 and subsequent mechanical polishing. Additional electropolishing was performed to assist the microstructural assessments. The specimens were electropolished against a Ni cathode at 20 C for 7.5 min using an electrolyte comprising 78.6 vol% acetic acid and 21.4 vol% perchloric acid at 10 V. 
Results and Discussion

Carbon and oxygen contents in the as-cast ingots
Carbon and oxygen are the main impurity elements in binary NiTi SMAs and have significant effects on microstructures and transformation temperatures. They form TiC and Ti 4 Ni 2 O x and thus locally consume Ti. This leads to an increase of the average Ni concentration in the matrix. 14) Therefore, the pick up of carbon and oxygen which cannot be completely suppressed during melt processing, needs to be kept at a minimum. Table 2 shows the carbon and oxygen contents in the as-cast NiTiX (X ¼ Cu, Fe, Hf, Zr) ingots. These values are lower than impurity limits set in accepted industrial standards for carbon and oxygen (for both: 0.05 mass%). 52) We conclude that our ternary ingots exhibit low carbon and oxygen levels which are acceptable. In our previous work, 52) low carbon NiTi ingots were produced using a Ti-cladding technique which prevents the direct contact of Ni pellets with the graphite crucible during the early stage of the melting. The results of the present study show that this cladding technique also achieves low impurity levels in ternary NiTiX SMAs produced by graphite crucible VIM melting.
Homogeneity of ingots
The chemical homogeneity of the ingots was documented using DSC-measurements, Fig. 1 . Figure 1 shows results from the as-cast Ni 49:5 Ti 35:5 Hf 15 ingot which was the most difficult to be processed due to the large density differences between Ni and Ti (8.9 and 4.51 g cm À3 respectively) and Hf (13.07 g cm À3 ). DSC specimens were taken from 9 positions as indicated in Fig. 1(a) . The DSC results are presented in Fig. 1(b) where we show martensite start temperatures (M s ), martensite peak temperatures (M p ), austenite finish temperatures (A f ), austenite peak temperatures (A p ) and heat effects associated with the forward (austenite to martensite) and reverse (martensite to austenite) transformations (Q P-M and Q M-P ) respectively. As can be clearly seen from Fig. 1(b) these parameters change very little for different locations in the ingot which therefore has a good homogeneity. Table 3 lists mean values and standard deviations for these six parameters. It can be seen that the scatter is small. The maximum standard deviation of the transformation temperatures is 2.9 C (for M p ). The results presented so far demonstrate that graphite crucible VIM processing yields chemically homogeneous NiTiX ingots with no macroscopic segregation through one-time melting/casting/solidification. Several passes (3 to 6) are required to achieve this result using VAM processing. We now consider the VIM melting process of ternary NiTiX alloys. It is well known that one advantage of VIM over VAM processing is the strong electromagnetic stirring during melting which provides ingots of good homogeneity. Fig. 2 ). And then Hf blocks or Zr rods gradually dissolve in the NiTi melt (double-arrow in Fig. 2 pointing up) . A sufficient hold time is necessary for this dissolution process to take place.
Microstructures of ternary NiTiX alloys
We now briefly discuss the characteristic microstructures which form during casting and during a subsequent heat treatment as observed using SEM. Figure 3 shows the microstructure of the as-cast Ni 40 Ti 50 Cu 10 alloy. Two phases (a black phase and a dark grey phase) are observed in the light Table 3 Mean values and standard deviations of the DSC data shown in Fig. 1(b) . Vacuum Induction Melting of Ternary NiTiX (X ¼ Cu, Fe, Hf, Zr) Shape Memory Alloys Using Graphite Cruciblesgrey matrix of the mechanically polished alloy, Fig. 3(a) . The EDX spectrum from the black phase (one particle marked by an arrow pointing up) mainly shows the presence of Ti and C (with only little Ni), suggesting that this phase is TiC. The EDX results further suggest that the dark grey phase (one particle marked with an arrow pointing down) is Ti 2 (Ni,Cu). The Ti concentration of the dark grey particles was always found to be close to 65 at%, while their Cu content varies from 8.5 to 18.8 at%. The composition of the light grey matrix was found to be homogeneous at 48.4 at%-Ti, 41.8 at%Ni and 9.8 at%Cu (close to the nominal chemical composition of the alloy). The Ti content in the light grey matrix is slightly lower than the nominal composition of 50 at% because Ti 2 (Ni,Cu) contains more Ti than Ni.
Electropolishing not only results in a very good contrast but also removes some of the matrix material and therefore allows to better observe the 3D features of the microstructure. Thus Fig. 3(b) shows the morphology of TiC and Ti 2 (Ni,Cu) in the as-cast electropolished alloy. TiC is dendritic with fibre-like branches as highlighted by a solid arrow in Fig. 3(b) . The morphology of the Ti 2 (Ni,Cu) phase (marked by a dashed arrow) in Fig. 3(b) significantly differs from the TiC morphology. It was found that solution annealing at 1000 C for 2 h has no significant effect on the microstructure of the Ni 40 Ti 50 Cu 10 alloy as observed in Fig. 3(b) . However, the Cu concentration in the Ti 2 (Ni,Cu) phase decreases from in between 8.5 to 18.8 at% (after casting) to 4.4 and 9.2 at% (after homogenization). This implies that the homogenization treatment results in a slight increase of the Cu concentration in the matrix.
The microstructure of the as-cast and as-annealed Ni 48 Ti 50 Fe 2 alloy is shown in Fig. 4 . The microstructure of the as-cast alloy is composed of cellular primary NiTi (B2) phase with intercellular NiTi/TiC eutectic microstructure, Fig. 4(a) . The solidification microstructure can be explained on the basis of the same quasibinary NiTi-TiC eutectic system which has been used to discuss the formation of microstructure in binary NiTi alloys with comparable carbon concentrations. 58, 59) Additionally, a little amount of Ti 2 (Ni,Fe) phase was identified by EDX and one such particle is highlighted by a black arrow, Fig. 4(a) . The fibrelike characteristic of the eutectic TiC phase is revealed after electropolishing, Fig. 4(b) . Furthermore, a smaller amount of a coarser type of dendritic microstructure was found in the ascast alloy, marked by arrows in Fig. 4 Fig. 4(c) . A part of TiC fibre like precipitates coarsen as can be seen in the electropolished sample shown in Fig. 4(d) . The substitution of Fe for Ni (2 at%) in NiTi alloys does not significantly alter microstructural features as observed using SEM for equivalent carbon levels. Figure 5 shows the microstructure of the Ni 49:5 Ti 35:5 Hf 15 alloy. Three phases can be distinguished in Fig. 5(a) . The matrix phase consists of light grey and dark grey areas. And black and white precipitates can be detected. The Ni content of the black particles was determined as 33 at%, at a (Ti þ Hf) to Ni ratio of 2. This suggests that the black particles are of type (Ti,Hf) 2 Ni. The few white precipitates were identified as HfO 2 , because only Hf and O in a 1 to 2 ratio can be detected using EDX. The matrix is inhomogeneous. The Ni concentration in both areas is the same (about 49.0 at%). However, the Hf content ($18:0 at%) in the light grey areas is higher than that in the dark grey areas ($16:0 at%). Most of the (Ti,Hf) 2 Ni particles are present in the dark grey areas. The morphology of (Ti,Hf) 2 Ni can be clearly seen in the electropolished alloy, as highlighted by a dashed arrow in Fig. 5(b) . Fine (Ti,Hf)C fibres are indicated by a solid arrow in Fig. 5(b) . The inhomogeneous character of the microstructure of as-cast NiTiHf alloys has been described in the literature 28, 30) and the presence of (Ti,Hf) 2 Ni has also been reported. 30) The Hf concentrations of the inhomogeneous matrix (light grey areas: $18:0 at%, dark grey areas: $16:0 at%) differ from those reported in 30) (light grey areas: 15.5 at%, dark grey areas: 14.1 at%), where VAM processing was used to produce the alloys. In 30) it was suggested that the white phase is a Heusler phase while the present results suggest that it consists of oxides. The microstructural inhomogeneity of the matrix can be removed by long-term annealing. While short annealing periods are sufficient for binary NiTi alloys and ternary alloys with Cu and Fe additions, homogenization annealing of who observed full homogenization after only 1 h annealing at 1000 C. Further work is required to clarify this point which cannot be rationalized with respect to the different processing routes (Firstov et al.: 30) VAM; present work: VIM). The microstructure of a homogenized material is shown in Figs. 5(c) and (d) . The Hf concentration of the homogeneous matrix is now about 17.3 at%. Some white precipitates are observed in the as-annealed alloy, but these are not the oxides which were originally found in the as-cast alloy. The composition of these particles is near 50 at%Hf, 30 at%Ti and 20 at%Ni with little C. This phase was not mentioned in the literature and further work is required to identify its nature. The annealing treatment has no effect on the (Ti,Hf) 2 Ni phase. Figure 5(d) shows the morphology of martensite in the as-annealed alloy after electropolishing. The white arrow in Fig. 5(d) shows an area where fine twins are clearly visible. Han et al. 33) and Zheng et al. 36) reported that the substructure in a martensite variant in NiTiHf alloys consists of (001) compound twins.
It is interesting to discuss the formation of the inhomogeneous matrix in the as-cast Ni 49:5 Ti 35:5 Hf 15 alloy. In a first order approximation we discuss the solidification of the ternary alloy on the basis of a binary Ti-Hf diagram, Fig. 6 . 61) Ti and Hf have full mutual solubility in both liquid and solid states. Liquid and solid phases are only separated by a narrow liquid-solid two-phase region, Fig. 6 . During solidification, a solid phase forms and its composition decreases along the solidus line of the diagram (c 1 0 ! c 2 0 ! c 3 0 , Fig. 6 ). Simultaneously, the composition of the remaining liquid follows the liquidus line (c 1 ! c 2 ! c 3 , Fig. 6 ). At equilibrium, the composition of the resulting solid (c 3 0 ) is equal to the composition of the initial liquid (c 1 ). Under real non equilibrium solidification conditions, however, the composition (Hf content) of the solid which forms first [light grey areas in Fig. 5(a) ] is a little higher than the composition of the solid that forms later [dark grey areas in Fig. 5(a) ]. In the present work, the composition difference between these two areas was shown to be about 2 at%Hf. This difference in Hf concentration can be removed by diffusion annealing as has been shown above. 3 at%) . The Ni concentration in both areas is about 50.2 at%. The grey particles present in the light grey areas (one such particle is highlighted by an arrow pointing up) were analyzed as (Ti,Zr) 2 Ni by EDX. Some white precipitates are also observed and these precipitates are carbides of type (Zr,Ti)C (one such particle is highlighted by an arrow pointing down). After annealing at 880 C for 50 h, the (Ti,Zr) 2 Ni phase disappears as shown in Fig. 7(b) . However, the annealing treatment has no obvious effect on the carbides and the matrix still exhibits inhomogeneity. The as-cast microstructure shown in Fig. 7 (a) has been described in the literature. 28) Firstov et al. 30) proposed that the grey phase corresponds to a MgZn 2 -type of ternary Laves phase and that the white phase is of a Heusler type. In the Ni-Ti-Zr system with less than 49.5 at%Ni and more than 8 at%Zr, Laves phase is expected as a second phase. However, oxygen stabilizes the (Ti,Zr) 2 Ni phase over the Laves phase and (Ti,Zr) 2 Ni may well be present as a second phase. 28) In the present work, the presence of appreciable amounts of carbon (stemming from the graphite crucible 52, 53) ) leads to the formation of (Zr,Ti)C. It is known that the Ti 2 Ni phase is detrimental to the functional and mechanical properties of NiTi-based SMAs. It is interesting that the (Ti,Zr) 2 Ni phase can be removed through suitable annealing at higher temperatures and subsequent rapid quenching. The disappearance of (Ti,Zr) 2 Ni on annealing is associated with the possible (Ti,Zr) 2 Ni ! B2 solid-solid transformation. 30) Fig. 7(a) ], followed by the formation of Zr-rich areas [light grey regions in Fig. 7(a) ]. Ni 49:5 Ti 35:5 Zr 15 is difficult to be processed by ingot metallurgy. In contrast to the three other systems considered in this study, the as-cast Ni 49:5 Ti 35:5 Zr 15 alloy contains macrocracks of several cm length and typical widths of 0.5 mm. Moreover we observed quenching cracks (of the same size as the casting cracks) when water quenching was performed after the homogenization treatments (1000 C-2 h and 960 C-2 h), Fig. 8 . At lower homogenization treatments (920 C-2 h and 880 C-10 h) such quenching cracks did not form. The formation of cracks associated with casting and homogenization treatments represents a disadvantage of NiTiZr alloys as compared to NiTiHf alloys.
Transformations observed using DSC
In Fig. 9 we present the DSC charts of the four ingots considered in the present study in the as-cast condition (dashed lines) and in the homogenized condition (solid lines). Figure 9 (a) shows the DSC curves of the as-cast and homogenized Ni 40 Ti 50 Cu 10 alloy. For the as-cast alloy, one distinct exothermic peak appears on cooling while one endothermic peak characterizes heating. For the as-annealed alloy, however, two transformation peaks appear on cooling and heating. The first peak on cooling and the second peak on heating are sharper and more intense. NiTiCu with Cu contents between 7 and 15 at%, transforms on cooling in a two step martensitic transformation first into B19 and then into B19 0 .
17)
Two broad exothermic peaks appear on cooling of the ascast Ni 48 Ti 50 Fe 2 alloy, Fig. 9(b) . On heating, two endothermic peaks can still be distinguished but overlap. The peak at higher temperature correlates to the well-known B2 $ R Vacuum Induction Melting of Ternary NiTiX (X ¼ Cu, Fe, Hf, Zr) Shape Memory Alloys Using Graphite Cruciblestransformation and the peak at lower temperature is associated with the R $ B19 0 transformation. 15) These two peaks (especially the B2 $ R peak) become sharper in the ashomogenized alloy. Adding Fe to NiTi results in a sharp Rphase peak preceding the transformation from R-phase into B19 0 . Figure 9 (c) shows the DSC results for the as-cast and asannealed Ni 49:5 Ti 35:5 Hf 15 alloy. Only single peaks appear on heating and cooling. These are associated with the B2 ! B19 0 transformation on cooling and with the reverse transformation on heating.
33) The homogenisation treatment has no significant effect on the transformation temperatures. This suggests that the transformation process is not sensitive to the Hf content in the matrix ($2 at% difference between light grey and dark grey areas in the as-cast alloy).
The transformation peaks of the as-cast Ni 49:5 Ti 35:5 Zr 15 alloy are very broad and sharpen after the homogenization treatment, Fig. 8(d) . Figure 8 (d) seems to suggest that the homogenization treatment is related to a shift of both peaks to higher temperatures. But one has to keep in mind that the DSC charts of the as-cast material show a very wide transformation interval. The one step transformations on cooling and heating are associated with B2 $ B19 0 transformations.
28)
Conclusions
Based on the results obtained in the present work, the following conclusions can be drawn:
(1) Ternary NiTiX (X ¼ Cu, Fe, Hf, Zr) shape memory alloys with low carbon and oxygen contents can be produced using vacuum induction melting and graphite crucibles. (2) Cast microstructures generally suffer from the presence of large scale microstructural heterogeneities. These can be rationalized on the basis of non equilibrium solidification processes. There are systems like NiTiHf where these types of large scale microstructural heterogeneities do not significantly affect martensitic transformations. There are other systems like NiTiZr where these types of large scale microstructural heterogeneities strongly affect the characteristics of the martensitic transformations. (3) Large scale microstructural heterogeneities can partly be removed by homogenization treatments. This is generally associated with a sharpening of DSC peaks. (4) When comparing the two high temperature SMAs investigated in this study, NiTiHf and NiTiZr, we find that NiTiZr is more prone to cracking during solidification and during fast cooling after heat treatments. This represents a disadvantage of NiTiZr as compared to NiTiHf. (5) Suitable annealing and quenching treatments can effectively remove the (Ti,Zr) 2 Ni phase in NiTiZr alloys which forms during solidification.
